Bacteriocins of Clostridium perfringens were prepared by ammonium sulfate precipitation of supernatant broth from 10 bacteriocinogenic strains. These bacteriocins were compared with respect to their ability to produce spheroplasts in a sensitive indicator strain; their inducibility; sensitivity to pH, proteolytic en Bacteriocins, which are substances produced by one organism having antibiotic-like activity against other members of the same species, have been reported for many species of bacteria. Bacteriocins of Clostridium perfringens have been described since 1959 (9), but very few reports concem the modes of action of these bacteriocins. In 1971 (7), we described a bacteriocin, named 28, which acted on the cell wall of C. perfringens, allowing production of spheroplasts and L-form growth of the treated culture. Macromolecular synthesis was not markedly affected by this bacteriocin. In 1975, Wolff and Ionesco (10) succeeded in purifying a bacteriocin, N5, of C. perfringens strain BP6K-N5, and Ionesco and Wolff (4) described the mode of action of this bacteriocin. We (5) described a bacteriocin typing scheme for C. perfringens with 10 different bacteriocins and subsequently (6) showed the inducibility of 6 of these with mitomycin C. In this paper, we present data on the nature of the 10 bacteriocins and their action on macromolecular synthesis in a common indicator strain.
Bacteriocins, which are substances produced by one organism having antibiotic-like activity against other members of the same species, have been reported for many species of bacteria. Bacteriocins of Clostridium perfringens have been described since 1959 (9) , but very few reports concem the modes of action of these bacteriocins. In 1971 (7), we described a bacteriocin, named 28, which acted on the cell wall of C. perfringens, allowing production of spheroplasts and L-form growth of the treated culture. Macromolecular synthesis was not markedly affected by this bacteriocin. In 1975, Wolff and Ionesco (10) succeeded in purifying a bacteriocin, N5, of C. perfringens strain BP6K-N5, and Ionesco and Wolff (4) described the mode of action of this bacteriocin. We (5) described a bacteriocin typing scheme for C. perfringens with 10 different bacteriocins and subsequently (6) showed the inducibility of 6 of these with mitomycin C. In this paper, we present data on the nature of the 10 bacteriocins and their action on macromolecular synthesis in a common indicator strain.
MATERIALS AND METHODS
Bacteriocin preparation. The 10 bacteriocins (nos. 4, 28, 43, 48, 55, 63, 73, 75, 78 , and 96) were prepared by growing the producing strain of C. perfringens (designated by the same number) in freshly boiled brain heart infusion broth (BHIB) (Difco Laboratories, Detroit, Mich.) for 5 h at 37°C. The cultures were centrifuged at 6,000 x g for 10 min; the supernatant fluid was removed, and ammonium sulfate was added to the fluid (28 g/100 ml). This was slowly stirred at 4°C for 18 h, after which precipitated protein was collected by centrifugation at 6,000 x g for 10 min. The precipitate was suspended in a small volume of BHIB, and this served as the source of bacteriocin used in the experiments described below.
To titrate a bacteriocin, the common indicator strain of C. perfringens, strain no. 2, was grown as follows. One milliliter of an overnight cooked-meat culture (Difco) was subcultured in BHIB for 3 h at 370C, diluted 1:100 in BHIB, and swabbed onto the surface of a blood agar plate (BHI base plus 10% human blood). Ten microliters of serially diluted bacteriocin was spotted on the seeded plate. After incubation of the plate under an atmosphere of nitrogen at 37°C for 18 h, the highest dilution of bacteriocin causing a zone of growth inhibition was considered the titer, the inverse of which was referred to as units (U) of bacteriocin.
Spheroplast production as a function of bacteriocin activity. Indicator strain 2 was grown overnight in cooked-meat medium. Volumes of 0.5 ml of this culture were added to 5-ml volumes of boiled BHIB containing 10% sucrose (wt/vol; to protect spheroplasts from disruption). These were incubated for 1.5 h at 370C, after which 0.5 ml of the respective bacteriocins was added. After an additional 2 h of incubation, the cells were examined by phase-contrast microscopy to note any morphological changes. A control culture did not receive any bacteriocin.
pH sensitivity of bacteriocins. The 10 bacteriocins of C. perfringens were exposed to a variety of pH values ranging from pH 2 to 11. The buffer solutions used for these determinations were phosphate-citrate buffer (0.1 M:0.05 M, pH 2 to 7), tris(hydroxy-886 on November 1, 2017 by guest http://aac.asm.org/ Downloaded from methyl)aminomethane-hydrochloride buffer (0.05 M, pH 8) and glycine-NaOH buffer (1 M, pH 9 to 11). Bacteriocin (0.1 ml) was added to 0.9 ml of the respective buffer, incubated for 30 min at 370C, and then assayed for activity.
Susceptibility of bacteriocins to trypsin, Pronase, and boiling temperature. To determine the susceptibility of the 10 bacteriocins to trypsin and Pronase, 0.25 ml of each bacteriocin, adjusted to 128 to 256 U/ml, was treated with 0.25 ml of trypsin (2.5 mg/ml) or Pronase (2.5 mg/ml) in phosphate-buffered saline, pH 7, and was incubated for 1 h at 370C. Trypsin soybean inhibitor (0.5 ml of a 20-mg/ml solution) was added and incubation continued for 30 min. Bacteriocin activities were then assayed by placing drops of serially diluted bacteriocin solution onto blood agar plates seeded with C. perfringens strain 2. Controls included the experiment performed with untreated bacteriocin and buffer (positive control); trypsin and Pronase alone; trypsin inhibitor alone; and bacteriocin plus trypsin inhibitor (negative controls).
The temperature sensitivity of the 10 bacteriocins was determined by boiling 0.5-ml volumes of bacteriocin solution for 10 Whatman filter papers and washed three times with ice-cold 5% trichloroacetic acid and once with ether. The filter papers were dried, placed in 5 ml of PPO/POPOP scintillation fluid (2,5-diphenyl-oxazole /p-bis[ 2 -(5-phenylozaxolyl)]-benzene), and counted in a scintillation counter (Nuclear-Chicago, Isocap/300).
Preparation of antiserum against bacteriocin 28. Anti-bacteriocin serum was prepared from rabbits immunized with ammonium sulfate-precipitated bacteriocin, injected subcutaneously four times at weekly intervals. Bacteriocin 28 (40,960 U/ml) emulsified in an equal volume of Freund complete adjuvant was used for the initial inoculation (1.5 ml at two sites). Subsequent injections were done in Freund incomplete adjuvant. Following this procedure, a month was allowed to elapse before the animals were boosted with another injection. Blood was collected by cardiac puncture 1 to 4 weeks after the last injection, and, after clotting, the serum was removed.
Assay for cross-reactivity of antiserum. Each of the 10 bacteriocins was assayed as follows. The antiserum was serially diluted in 0.85% saline, and an equal volume of bacteriocin, adjusted to 64 U/ml, was added to each dilution. The dilutions were incubated at 370C for 30 min, and 10 ,ul of each was spotted onto a blood -agar plate seeded with a 3-h culture of the indicator strain. The plates were read after an overnight incubation at 370C, and the absence of inhibition zones indicated neutralization of the bacteriocin by antiserum. Normal rabbit serum was used as a control.
Isolation of strain 2 (indicator) mutants resistant to bacteriocin 28. To isolate spontaneous mutants resistant to bacteriocin 28, blood agar plates were swabbed with bacteriocin 28 (5,120 U/ml). Subsequently a 1/100 dilution of a 3-h culture of strain 2 was swabbed onto the same plates and incubated overnight at 370C. Any surviving colonies found on the plates were subcultured again onto bacteriocincontaining plates to confirm their resistance.
RESULTS
Spheroplast production as a function of bacterioci activity. When 6. 48 were completely resistant to both enzymes. Neither trypsin, Pronase, nor trypsin inhibitor inhibited the growth of the indicator strain. Trypsin activity was inhibited by trypsin inhibitor, whereas Pronase was unaffected.
The sensitivity of these bacteriocins to boiling is also summarized in Fig. 2A and B) . Although the titers of the bacteriocins used in these experiments differed, very similar results were obtained when all the bacteriocins were adjusted to 256 U before addition to the bacterial culture (data not shown).
The inhibition of DNA synthesis, as measured by the incorporation of [3H]thymidine, occurred after addition of bacteriocins 4, 43, 48, 75, 78, and 96 to strain 2 ( Fig. 2A and B) . There was a rapid drop in labeled precipitable material during the first 15 min after the addition of bacteriocin, followed, in most cases, by an increase in labeling of the DNA, suggesting initial DNA damage and recovery had occurred. All of these bacteriocins also had an immediate effect upon protein synthesis.
Bacteriocins 28, 55, 63, and 73 ( Fig. 2A) did not affect incorporation of thymidine as described for the other bacteriocins, but the amount of incorporation was lower than that of control cultures. Protein synthesis was inhibited by the treatment of strain 2 with bacteriocins 63 and 73, whereas DNA synthesis did not cease.
To further examine the suppressive effect of bacteriocin 28 on protein and DNA synthesis in strain 2, the above experiments were performed by using a lower titer of 2,560 U of bacteriocin 28 and a 16-fold higher titer of 40,960 U. As shown in Fig. 3 , the amount of isotope incorporated into DNA and protein is somewhat suppressed at the lower concentration of bacteriocin and is further suppressed when 40,960 U of bacteriocin is used. Even at such a high concentration of bacteriocin, however, the synthesis of these macromolecules is not shut off, especially during the first critical 30 min of the experiment.
The incorporation of [3H]uracil into bacteriocin-treated bacteria was taken as an indicator of RNA synthesis. For these experiments, the strength of the bacteriocin stock solutions was standardized to 256 U, except for bacteriocins 48 (512 U), 73 (80 U), and 78 (32 U). The results shown in Fig. 2A ]uracil, and 3H-labeled amino acids were added, respectively, to BHIB at a final activity of 0.6 j.Ci/ml. Strain 2 was inoculated (final cell number about 1 x 107 bacteria/ml), and, after 1 h at 37°C, 1 ml of bacteriocin was added (4) . Samples (0.2 ml) were taken as indicated, precipitated by cold 10% trichloroacetic riocin, and produced smaller colonies than their parent strain 2 when grown on blood agar. These mutants, parent strain 2, and bacteriocin-producing strain 28 were typed with bacteriocins as described elsewhere (5). The results ( may be secondary to the early shut-off of protein synthesis by these bacteriocins.
Hirano and Imamura (3) described a lytic type of bacteriocin and compared its action to that of lysozyme, since the lytic factor caused a loss of the Gram-staining property and disintegration of sensitive cells. However, it acted only on strains of C. perfringens, and both living and dead cells were so affected. Clarke et al. (1) indicated a lytic action of their perfringocin on cells of Clostridium pasteurianum. lonesco and Wolff (4) described the mode of action of their purified bacteriocin N5 from C. perfringens in which simultaneous inhibition of DNA, RNA, and protein syntheses occurred in sensitive bacteria treated with this bacteriocin.
The isolation of mutants resistant to bacteriocin 28 has reinforced some of our other findings. The coresistance of mutant strains to bacteriocins 55 
